Saliva plays an important role in digestion, host defense, and lubrication. The parotid gland contributes a variety of secretory proteins-including amylase, proline-rich proteins, and parotid secretory protein (PSP)-to these functions. The regulated secretion of salivary proteins ensures the availability of the correct mix of salivary proteins when needed. In addition, the major salivary glands are targets for gene therapy protocols aimed at targeting therapeutic proteins either to the oral cavity or to circulation. To be successful, such protocols must be based on a solid understanding of protein trafficking in salivary gland cells. In this paper, model systems available to study the secretion of salivary proteins are reviewed. Parotid secretory proteins are stored in large dense-core secretory granules that undergo stimulated secretion in response to extracellular stimulation. Secretory proteins that are not stored in large secretory granules are secreted by either the minor regulated secretory pathway, constitutive secretory pathways (apical or basolateral), or the constitutive-like secretory pathway. It is proposed that the maturing secretory granules act as a distribution center for secretory proteins in salivary acinar cells. Protein distribution or sorting is thought to involve their selective retention during secretory granule maturation. Unlike regulated secretory proteins in other cell types, salivary proteins do not exhibit calcium-induced aggregation. Instead, sulfated proteoglycans play a role in the storage of secretory proteins in parotid acinar cells. This work suggests that unique sorting and retention mechanisms are responsible for the distribution of secretory proteins to different secretory pathways from the maturing secretory granules in parotid acinar cells.
(I) INTRODUCTION S
aliva plays an important role in digestion, host defense, and lubrication. Impaired secretion of saliva is seen in the autoimmune disease Sjögren's syndrome, as a side-effect of many medications, or after radiation treatments for head and neck cancer. The attendant dry mouth can lead to difficulty in swallowing, oral infection, and severe tooth decay (Liem et al., 1996; Jonsson et al., 2000) . The parotid glands contribute a watery, proteinaceous secretion to whole saliva. The major protein components of parotid saliva are amylase, the leucine-rich parotid secretory protein (PSP), and proline-rich proteins (PRPs), in addition to multiple minor components (Wallach et al., 1975) . At least 50 components of parotid saliva are resolved by 2-D gel electrophoresis (Yao et al., 2003) . While these may include different variants of the same gene products, 35 distinct salivary proteins have been detected by twodimensional liquid chromatography of whole human saliva (Wilmarth et al., 2004) . Importantly, the major parotid secretory proteins and most of the minor protein components are stored in secretory granules in the parotid gland. The goal of this review is to summarize our understanding of the unique storage and secretion pathways for secretory proteins of the parotid gland, with special emphasis on recent advances.
(II) MODEL SYSTEMS FOR THE STUDY OF SALIVARY SECRETION
Secretion of salivary proteins is measured by collection of unstimulated or stimulated saliva. The use of collection devices (e.g., Carlson-Crittenden cups) allows the saliva to be collected directly from the ducts of the major salivary glands. Such studies yield information on the flow and composition of saliva under different physiological or experimental conditions. In addition to apical secretion into the oral cavity, the quantification of salivary proteins in the circulation reveals the extent of basolateral secretion from the salivary glands (Kagami et al., 1996; Baum et al., 1999) . Molecular manipulation of protein secretion in whole animals has been achieved by the use of transgenic animals (Samuelson, 1996; Golovan et al., 2001) or by gene transfer to salivary glands in vivo (Kagami et al., 1996; Goldfine et al., 1997) . As an alternative to whole-animal studies, several different model systems have been used for the study of protein secretion in salivary cells in vitro.
(A) Parotid Tissue
Parotid tissue slices and freshly isolated parotid cells have been used extensively to study protein trafficking in parotid acinar cells. Careful quantitative analyses of protein traffic by pulse-chase techniques have provided much insight into the relative distributions of secretory proteins in the cellular pathways of the acinar cells (von Zastrow and Castle, 1987; Venkatesh and Gorr, 2002) . In general, these studies are limited to a few hours, due to the rapid de-differentiation of parotid acinar cells in culture. As an example, isolated primary parotid acinar cells maintain some secretory granules and other organelles of the secretory pathway for up to 6 mos in culture. However, the amount of amylase decreased to less than 1% of the starting level after only 3 days in culture, and it is not clear if the cells retain the ability to undergo stimulated secretion (Yeh et al., 1991) . Prasad and coworkers (1992) also reported the long-term culture of primary parotid acinar cells, but it is not clear if the cells supported stimulated secretion during the extended culture conditions.
(B) Salivary Cell Lines
Established cell lines offer the maximum convenience and flexibility in experimental design. The ability to expand cells, transfect cells, and conduct long-term experiments opens several avenues of investigation that are not readily available in primary cultures. On the other hand, care must be taken in the interpretation of results, due to the altered physiology of most cell lines in vitro, when compared with in vivo tissue conditions (Royce et al., 1993) .
Several salivary gland cell lines have been described (Patton and Wellner, 1993) . In general, these cell lines are not as highly differentiated as the native tissue, but they do provide insight into aspects of salivary physiology when used appropriately. As an example, the human submandibular gland (HSG) cell line is not highly differentiated under standard culture conditions, but the cells differentiate to a more acinarlike cell type when cultured on matrigel (Royce et al., 1993; Hoffinan et al., 1998; Zheng et al., 1998; Jung et al., 2000) . The differentiated cells grow in acinar-like structures and support the induction of the amylase promoter by growth factors, as measured by the expression of a reporter protein.
However, the cells do not express detectable levels of endogenous amylase or PSP under these conditions (Geetha and Gorr, unpublished) .
To test if HSG cells support stimulated secretion of salivary proteins, we over-expressed amylase and PSP in these cells. It was thought that high levels of secretory granule cargo proteins may be required to induce protein storage and stimulated secretion (Keeler et al., 2004) . PSP secretion exhibited moderate stimulation in response to secretagogues, whereas amylase did not exhibit significant stimulated secretion (Geetha and Gorr, manuscript in preparation). The lack of stimulated amylase secretion suggested that HSG cells do not support a fully functional regulated secretory pathway. The epithelial secretory protein, secreted alkaline phosphatase (SEAP), a form of human placental alkaline phosphatase that lacks the Cterminal sequence for attachment of a GPI anchor (Brown et al., 1989) , exhibited stimulated secretion in HSG cells (Geetha et al., unpublished observation) . It is not known why this protein was secreted more effectively by stimulated secretion than amylase. However, the protein is also sorted to secretory granules in pancreatic exocrine AR42J cells (Gorr and Moore, 1999) , but not in endocrine cells (Gorr, 1996) . Thus, it is possible that the structure of SEAP fortuitously allows for its sorting to exocrine secretory granules.
Similarly, the immortalized rat parotid acinar cell line PAR C5 exhibits only a few secretory granules (Quissell et al., 1998) , but moderate stimulated secretion of amylase and PSP is observed when these proteins are over-expressed in transfected cells (Geetha and Gorr, manuscript in preparation) . In addition, the PAR C5 cells form monolayers when cultured on membrane supports and exhibit apical secretion of SEAP, a marker for the apical secretory pathway in other epithelial cells (Kuhn et al., 2000) . The low level of stimulated secretion observed in both these cell lines makes them difficult to use for experiments aimed at quantifying and modulating the regulated secretory pathway.
(III) SECRETORY PATHWAYS IN PAROTID ACINAR CELLS
Data obtained with a combination of the salivary model systems described above have provided insight into the complex secretory patterns of salivary glands and the multiple pathways for protein secretion. The identification of these pathways, and the protein components secreted by each, has been the subject of intense study, as outlined below and summarized in the Fig. 
(A) Regulated Secretion
Parotid acinar cells exhibit two regulated secretory pathways that secrete proteins in response to extracellular stimulation (Castle, 1998) . The major regulated secretory pathway involves large secretory granules that are exocytosed in response to muscarinic-cholinergic and adrenergic stimulation (Quissell, 1993) (Fig., pathway 1) . This is the classic secretory granule pathway in exocrine cells (Palade, 1975) , which accounts for 80-90% of total protein secretion from parotid acinar cells . The term 'secretory granules' is reserved for large dense-core vesicles that are utilized for The vesicular transport pathways discussed in the text are indicated by numbered arrows: (1) major regulated secretory pathway, (2) minor regulated secretory pathway, (3) apical constitutive secretory pathway, (4) constitutive-like secretory pathway, (5) basolateral constitutive secretory pathway, (6) basolateral secretion of secretory granules, and (7) alternate basolateral constitutive secretory pathway.
protein storage in the major regulated secretory pathway. In addition, a minor regulated secretory pathway that originates in maturing secretory granules was identified more recently (Fig., pathway 2) . Distinct smaller transport vesicles of the minor regulated pathway are secreted in response to pilocarpine and low doses of isoproterenol, conditions that do not stimulate secretion of large secretory granules Castle, 1998) . The minor regulated pathway originates in maturing secretory granules and contains many of the same proteins stored in large secretory granules. Thus, the two regulated secretory pathways arise from the maturation of large secretory granules: One (the major pathway) depends on the retention of secretory proteins in developing large secretory granules, the other (minor pathway) is comprised of some of the proteins removed during maturation of secretory granules.
(B) Basal Secretion
Secretion that does not depend on strong extracellular stimulation of the acinar cells is termed 'basal secretion'. This corresponds to the resting secretion of saliva between meals and includes the exocytosis from the minor regulated secretory pathway (in response to low levels of stimulation between meals) (Huang et al., 2001) , as well as the constitutive and constitutive-like secretory pathways described below (in the absence of stimulation) ( Fig., pathways 2,3,4 ).
(C) Constitutive Secretion
Parotid tissue exhibits a small continuous output of salivary proteins in the absence of stimulation. Pulse-chase analysis of unstimulated secretion from parotid tissue has identified three phases of unstimulated protein secretion (von Zastrow and Castle, 1987; . The early phase constitutes proteins that appear to differ from granule proteins and hence may represent the constitutive secretory pathways in acinar cells (Fig., pathway 3 ) or constitutive secretion from other cell types in the tissue. No specific secretory marker proteins have been identified for the constitutive secretory pathways in acinar cells. However, it was recently reported that the AQP5 water channel is translocated to the apical cell surface independently of whether salivary protein secretion is stimulated or inhibited (Gresz et al., 2004) . Therefore, this apical transport pathway may represent the constitutive secretory pathway in parotid acinar cells (Gresz et al., 2004) .
In addition, it is likely that a constitutive secretory pathway exists for the delivery of basolateral plasma membrane proteins and extracellular matrix components (see below for a discussion of polarized secretion). Thus, constitutive secretion may be the only secretion from parotid acinar cells that does not originate in secretory granules, but instead originates in the trans-Golgi network ( Fig., pathway 5 ).
(D) Constitutive-like Secretion
The constitutive-like secretory pathway is defined as protein secretion that originates in maturing secretory granules but does not require stimulation (Arvan et al., 1991; Beaudoin and Grondin, 1992; Arvan and Castle, 1998) (Fig., pathway 4) . It represents the slower, second phase of basal protein secretion in pulse-chase experiments with parotid cells (von Zastrow and Castle, 1987) . Transport vesicles in this pathway carry proteins that are not retained in large secretory granules during maturation, and thus contribute to the basal (resting) secretion of parotid acinar cells (Huang et al., 2001) . As an example, amylase is prominent in both the regulated and constitutive-like secretory pathways, while parotid secretory protein (PSP) is abundant in the regulated secretory pathway and relatively depleted from the constitutive-like secretory pathway (von Zastrow and Castle, 1987) . Thus, PSP is a more specific marker for large parotid secretory granules than the more-often-used amylase.
It has been proposed that the constitutive-like secretory pathway and the minor regulated pathway are active between meals when ␤-adrenergic stimulation is low (Huang et al., 2001) . Both pathways are inhibited by brefeldin A, which supports the possible common origin of these pathways in maturing secretory granules. The finding that brefeldin A also inhibited the fusion of large secretory granules at the apical plasma membrane suggests that the minor regulated secretory pathway provides fusion sites for large secretory granules on the apical plasma membrane (Castle et al., 2002) . Thus, secretion may be a two-stage process, where low doses of secretagogue ensure the priming of plasma membrane sites by the minor regulated secretory pathway, followed by massive exocytosis of large secretory granules when the dose of secretagogues rises.
(E) Polarized Secretion
Salivary proteins directed to the oral cavity by the regulated or constitutive-like secretory pathways undergo apical secretion. As indicated above, constitutive secretory pathways operate at the apical plasma membrane and perhaps at the basolateral cell surface. However, basolateral secretion into the circulation is poorly defined in parotid acinar cells. Basolateral secretion may involve a separate vesicle pathway that originates in the transGolgi network (constitutive secretion, Fig., pathway 5 ), or secretory vesicles from the granule-derived pathways may be re-routed from the apical to the basolateral cell surface (Fig., pathways 6 and 7). The finding that proteins stored in secretory granules can also be delivered to the basolateral cell surface, where they undergo stimulated secretion into the circulation (Baum et al., 1999) , suggests that re-routing of apical secretory granules could play a role in basolateral secretion ( Fig.,  pathway 6 ). In contrast, increased basolateral protein secretion from salivary glands was also observed in the presence of the weak base hydroxychloroquine in vivo (Hoque et al., 2001) . Since weak bases have been shown to disrupt granule storage in parotid acinar cells (von Zastrow et al., 1989) , and the increased secretion in vivo was independent of secretagogue, these findings suggest that a non-granule secretory pathway can be routed to the basolateral cell surface (Fig., pathway 7) . Thus, while the focus of research on salivary gland secretion has been on apical secretion to the oral cavity, much remains to be learned about the basolateral secretory pathways in acinar cells.
(E) Protein Delivery to Circulation
The parotid and submandibular glands are under consideration as targets for gene therapy protocols aimed at expressing secretory proteins. While expression of therapeutic proteins in the oral cavity is a natural goal for such experiments, the glands are also being considered for protein expression into the circulation. Salivary glands offer the important advantage of easy access for transfection or infection via the salivary ducts, an external route of DNA administration that may cause less inflammation than systemic delivery of DNA vectors. The high capacity for protein synthesis and secretion from salivary glands offers added advantages for gene therapy. As described above, the major route of protein delivery is to the oral cavity. However, physiologically significant amounts of secretory proteins, including insulin and hGH, can also be delivered to the circulation, apparently by the basolateral secretory pathways (Goldfine et al., 1997; Baum et al., 1999 Baum et al., , 2004 . Protocols for enhanced basolateral secretion and stimulated basolateral secretion have been described (Hoque et al., 2001 ).
(IV) SECRETION OF SALIVARY PROTEINS FROM NON-SALIVARY CELL TYPES
The lack of salivary cell lines that store secretory proteins in granules has been a significant impediment to progress in the field. Thus, many of the experiments performed in endocrine cells to define sorting mechanisms and signals are not possible in primary parotid cells or tissue culture. Regulated secretory proteins are typically sorted to the regulated secretory pathway in foreign secretory cells (Burgess et al., 1985; Natori et al., 1998) . Thus, the study of salivary protein secretion in nonsalivary cells may provide information on protein-specific processes, although caution is warranted due to differences between cell types (Gorr et al., 2001) .
The sorting and storage of amylase, PRP, and PSP have been analyzed in endocrine cell lines (Castle et al., 1992 (Castle et al., , 1997 Cowley et al., 2002) . Storage of PSP parallels that of the endocrine secretory protein chromogranin A in both pituitary GH4C1 cells and adrenal PC 12 cells (Cowley et al., 2002) . This would suggest that the same sorting mechanisms are used by both cell types. However, we have found that chromogranins use different sorting mechanisms in these two cell lines Cowley et al., 2000) . Therefore, the sorting mechanism for PSP cannot be deduced from these experiments. GH4C1 cells use calcium-induced aggregation for sorting chromogranin A (Cowley et al., 2000) , but not sulfated proteoglycans (Gorr, 1996) . In contrast, parotid acinar cells use sulfated proteoglycans for sorting PSP (Venkatesh and Gorr, 2002) , but not calcium-induced aggregation (Venkatesh et al., 2004) . Which, if any, of these mechanisms are responsible for sorting PSP in endocrine cells remains to be established. However, it is likely that PSP contains protein-specific sorting signals that are recognized in different cell types (Gorr et al., 2001) . Unlike PSP, transfected amylase and PRP both are initially sorted to secretory granules in pituitary AtT-20 cells, but the proteins are poorly retained in maturing secretory granules, and instead are secreted by the constitutive-like secretory pathway (Castle et al., 1997) .
Sorting signals, i.e., specific sequences that are necessary for sorting of a protein to secretory granules, were thought to be located in regulated secretory proteins. However, linear conserved sorting sequences, similar to the KDEL sequence involved in protein retention in the endoplasmic reticulum (Pelham, 1990) , have not been found in regulated secretory proteins. Thus, it is now assumed that structural signals, perhaps similar to the signal peptides in secreted proteins (Blobel, 2000) , are located in regulated secretory proteins. Indeed, an N-terminal potential sorting signal has been deduced in several regulated secretory proteins, including PRP (Gorr and Darling, 1995) . This signal appeared to play a role in sorting PRP in endocrine cells (Castle et al., 1992) . However, more recent studies suggest that a PRP-specific sorting signal is responsible for storage of this protein in secretory granules (Stahl et al., 1996) . In fact, the interaction of acidic PRP and basic PRP may play a role in their storage in AtT-20 cells (A Castle and J Castle, 1998) . This suggests that sulfated proteoglycans can play protein-specific roles in sorting in AtT-20 cells, which do not use sulfated proteoglycans for sorting of the endogenous peptide hormone ACTH (Burgess and Kelly, 1984) . Thus, it appears that while secretory proteins may contain protein-specific sorting signals, these signals can be utilized in different ways by different cell types. This emphasizes the need for caution in the interpretation of experiments where heterologous cell types are used for the study of protein sorting.
(V) EXOCRINE SECRETORY GRANULES
Exocrine cells, including parotid acinar cells, are equipped to store large amounts of secretory proteins in secretory granules. The high protein concentration and large volume of each granule and the large number of granules per cell ensure the significant storage capacity of these cells.
(A) Parotid Secretory Granules
Due to their density and large size, parotid acinar granules can be purified by simple differential centrifugation protocols (Arvan et al., 1984) . The granule contents closely match the composition of parotid saliva, suggesting that all major components of saliva are stored in secretory granules. The major proteins include amylase, PSP, and proline-rich proteins. While the composition varies between individuals, salivary composition remains relatively stable under most physiologic conditions (Oberg et al., 1982) . However, changes in salivary gene expression are seen in hormone-treated or chronically stimulated animals (Johnson et al., 1987) , and the induction of proline-rich proteins by isoproterenol or tannin is well-documented (Robinovitch et al., 1977; Tu et al., 1993) . Several salivary proteins play roles in host defense, including PSP, histatins, cystatins, peroxidase, and defensins. Compared with the exocrine pancreas, there is a relative lack of proteolytic enzymes. It is estimated that 80-90% of the secretory proteins in parotid acinar cells are stored in large secretory granules.
Parotid secretory granules generally appear as electrondense structures in transmission electron microscopy, although a fascinating variety of ultrastructures has been detected in secretory granules from different bat species (Phillips et al., 1993) . In humans, secretory granules are seen in the 18-week fetus and are prominent after 24 wks (Yaku, 1983) , although it is not known if these are functional granules. In the fetal rat pancreas, secretory granules initially undergo only constitutive secretion, suggesting that the machinery for regulated exocytosis develops after the appearance of secretory granules (Arvan and Chang, 1987) .
(VI) SECRETORY GRANULE BIOGENESIS
Secretory granules arise from the trans-Golgi network (TGN), either by vesicular budding or by maturation of the trans-Golgi network. In vesicular budding, secretory granule proteins are concentrated in the TGN and included in condensing vacuoles that bud off from the TGN. Formation of the initial immature secretory granules is not highly specific, since lysosomal and other non-resident proteins are found in immature granules.
However, subsequent maturation results in secretory granules that are highly enriched in salivary proteins. Thus, maturation involves condensation of the granule protein contents and the removal of non-granule proteins and excess membrane. Both mature and immature secretory granules can undergo exocytosis in response to extracellular stimulation, but the relative amounts of secretory proteins differ between the two forms. As an alternative to the vesicle-budding hypothesis, it has been proposed that secretory granules are left behind when the TGN membrane and proteins are returned to earlier Golgi stacks by retrograde transport. In this view, the maturation of secretory granules would be the final step in successive compartmental maturations in the secretory pathway, but with an important difference: The proteins that are removed from the maturing secretory granules are not returned to the Golgi apparatus by retrograde transport. Instead, the maturation vesicles are transported to the cell surface for exocytosis (constitutive-like secretory pathway). The formation of secretory granules by budding of immature granules from the TGN is reminiscent of the vesicular transport model for Golgi maturation, while the biogenesis of granules by maturation of the TGN is similar to cisternal maturation of the Golgi complex (Rothman and Wieland, 1996; Elsner et al., 2003) . In both models, granule maturation requires that secretory proteins are efficiently retained in the granules during maturation (sorting by retention; Shennan, 1996) .
Protein transport vesicles are typically coated by latticelike protein coats containing COP I, COP II, or clathrin, depending on the organellar origin (Brodsky et al., 2001; Duden, 2003) . However, secretory granules do not appear to be completely coated by coat proteins but, instead, exhibit patches of clathrin coats. This suggests that clathrin is not involved in the formation of secretory granules, but mediates membrane removal during maturation (Brodsky et al., 2001) . One function of these clathrin coats is the removal of lysosomal proteases from immature parotid secretory granules by a mannose-6-phosphate receptor-mediated process (Klumperman et al., 1998) . Thus, the formation of secretory granules and their subsequent maturation may be a continuous process that follows from the maturation of the Golgi compartments.
It has been proposed that specific proteins are required for secretory granule biogenesis and regulated secretion (Day et al., 1995) . In endocrine cells, chromogranin A (Kim et al., 2001 ) and/or chromogranin B (Huh et al., 2003) may act as on/off switches for secretory granule biogenesis, although questions remain about the role of these proteins in some cell types (Day and Gorr, 2003) . Chromogranins are stored in acinar cells of the horse but not in rat parotid glands (Sato et al., 2002) . Thus, it is unlikely that chromogranin A acts as a universal on/off switch for secretory granules in the parotid gland. While it cannot be excluded that functionally equivalent proteins exist in cell types that do not express chromogranins, such proteins have not been detected.
As an alternative to specific on/off switches for secretory granule biogenesis, it is possible that a "cargo effect" is involved in granule biogenesis (Beuret et al., 2004) . According to this model, high levels of secretory proteins in the transGolgi network induce the formation of protein complexes that become membrane-enclosed, thus forming the secretory granules. While the simplicity of this model is appealing, the interactions of the granule core with specific membrane proteins remain to be established (Keeler et al., 2004) .
(VII) SECRETORY GRANULES AS A CENTER FOR PROTEIN DISTRIBUTION
The presence of multiple secretory pathways in salivary acinar cells demands that specific mechanisms exist for distribution (sorting) of secretory proteins to the correct pathway. Large dense-core secretory granules appear to be at the center of these sorting mechanisms, since both the major and minor regulated secretory pathways, as well as the constitutive-like secretory pathway, originate in this organelle. Several factors suggest that retention (Shennan, 1996) or exclusion (Kuliawat et al., 1997) of secretory proteins in maturing secretory granules plays a key role in protein-sorting. The bulk of the secretory proteins are stored in secretory granules and released by regulated exocytosis. Since similar proteins are released by granule-derived regulated and constitutive-like secretory pathways, albeit in different relative amounts, it appears that most secretory proteins enter immature granules and exit at different rates, based on their retention in mature granules.
(A) Protein Retention and Storage Mechanisms in Secretory Granules
If maturing secretory granules are the main distribution center for secretory proteins in salivary acinar cells, the mechanisms for protein retention in secretory granules will be key regulators of protein secretion. Secretory proteins are stored at high concentrations in secretory granules. However, the storage complex differs between parotid secretory granules and secretory granules from other exocrine and endocrine cell types. Understanding the parotid granules will be important for the targeting of proteins for gene therapy directed at the oral cavity or the circulation. Parotid secretory granules are osmotically active and undergo lysis in low-ionic-strength buffers (Arvan et al., 1984) . Thus, the granule core appears to be loosely organized and does not contain aggregated secretory proteins. In contrast, the endocrine secretory granule cores can be highly organized, and some resist hypotonic conditions, suggesting that the contents are not osmotically active (Giannattasio et al., 1975) . In pancreatic ␤-cells, the granule cores consist of crystallized insulin (Coore et al., 1969) , while the cores of pituitary secretory granules can be isolated from purified secretory granules after membrane dissolution (Zanini et al., 1980) . NMR experiments have suggested that a storage complex held by electrostatic interactions exists in adrenal chromaffin cells (Sharp and Richards, 1977a,b) . This complex does not appear to be a rigid aggregate or a gel, but rather a protein complex where the protein polyelectrolytes are complexed with smaller counter-ions (ATP, catecholamines, calcium).
The storage complex in adrenal chromaffin granules depends on calcium. Lysis of secretory granules occurs in the presence of the divalent cation ionophore A23187, with EDTA as an external chelator. Lysis under these conditions is prevented by increased sucrose concentration of the medium, suggesting that the granules undergo osmotic lysis after calcium depletion (Sudhof, 1983) . Similarly, exocrine pancreatic secretory granules require calcium for stability (Lebel et al., 1988) . In this case, lysis occurred in the presence of A23187, but it did not require an external chelator, suggesting that granular calcium is more loosely bound in pancreatic exocrine granules than in adrenal chromaffin granules. Unlike the pancreatic exocrine granules, calcium is not required for stability of parotid secretory granules (Flashner and Schramm, 1977) . Extensive depletion of calcium from isolated granules did not affect the release of amylase. This finding suggests that the storage complex in parotid secretory granules differs from those of endocrine secretory granules and the exocrine pancreas.
(B) Calcium-induced Protein Aggregation
The differences in granule stability seen in calcium-depletion experiments are reflected in the calcium-aggregation properties of secretory proteins from endocrine cells and exocrine pancreas, on the one hand, and the parotid gland, on the other hand. Endocrine secretory proteins and exocrine pancreatic secretory proteins aggregate in vitro under conditions that mimic the high calcium concentration and acidic pH of secretory granules and the trans-Golgi network (Orci et al., 1987; Gorr et al., 1989; Freedman and Scheele, 1993; Leblond et al., 1993) . The role of aggregation in granule storage has been studied in particular detail for the endocrine secretory protein chromogranin A (Gorr et al., 1987 (Gorr et al., , 1988 (Gorr et al., , 1989 Yoo and Albanesi, 1990 ). This protein aggregates in the presence of 10-15 mM calcium and at a pH around 5.5 to 6.0, i.e., the conditions found in endocrine secretory granules. The Cterminal domain of chromogranin A is necessary for both calcium-induced aggregation and storage in some endocrine secretory granules (Cowley et al., 2000) . Conversely, when calcium-induced aggregation is enhanced by helper proteins, chromogranin A exhibits increased storage in secretory granules of the endocrine cell line GH4C1 (Jain et al., 2000 (Jain et al., , 2002 .
Exocrine pancreatic granule contents also aggregate in the presence of calcium and at low pH, suggesting that these proteins may also form a storage complex in pancreatic zymogen granules. Unlike endocrine proteins, the purified pancreatic proteins do not aggregate in vitro (Gorr and Tseng, 1995) , suggesting that a mixture of pancreatic proteins is necessary for aggregation. Indeed, we have found that chymotrypsinogen forms protein-protein interactions with other regulated secretory proteins, including amylase (Gorr et al., 1992) . Such interactions between secretory granule proteins are presumably required to form a storage complex in pancreatic zymogen granules.
Parotid secretory granule proteins do not aggregate in vitro. Aggregation has been tested for granule content proteins at different pH conditions and in the presence or absence of calcium. While small amounts of PSP could be precipitated by centrifugation, amylase and most other granule proteins did not exhibit aggregation (Venkatesh et al., 2004) . Protein concentration is considered a critical factor in protein aggregation. To mimic the conditions of the secretory granules, isolated parotid granules were permeabilized with Saponin under aggregating or non-aggregating conditions. In each case, the content proteins were readily released from the permeabilized granules (Venkatesh et al., 2004) . In contrast, amylase was partially retained in permeabilized pancreatic zymogen granules. Thus, the aggregation properties of pancreatic and parotid secretory granule proteins are consistent with the results of the calcium-depletion experiments. The finding that pancreatic and parotid amylase exhibit different aggregation properties suggests that other secretory granule components play a role in their aggregation (Gorr et al., 1992; Gorr and Tseng, 1995) .
(C) The Role of pH in Granule Function
Organelles of the distal secretory pathway exhibit an acidic pH. Vacuolar H+ ATPase is found in the membrane of secretory granules, endosomes, and lysosomes and combines with proton leakage and other ion pumps to regulate the luminal pH of these organelles (Grabe and Oster, 2001) . In endocrine cells, the secretory granules exhibit an acidic pH in the range from 5.5 to 6.0 (Anderson and Orci, 1988) . Immature exocrine secretory granules also exhibit an acidic pH, but the mature granules exhibit a pH just below neutral (Arvan et al., 1984; Orci et al., 1987) . The acidic pH of immature parotid secretory granules may play a role in protein retention. When weak bases are added to parotid acinar cells, newly synthesized secretory proteins still enter secretory granules and can undergo stimulated secretion. However, the proteins are poorly retained in mature granules and are preferentially secreted by the constitutive-like secretory pathway (von Zastrow et al., 1989) . This effect is particularly pronounced for PSP (p25) and acidic epididymal glycoprotein (p32), which are normally stored with high efficiency in secretory granules (von Zastrow and Castle, 1987) . In contrast, weak bases have no effect on the storage of proteins that are already located in mature secretory granules (von Zastrow et al., 1989) . These findings suggest that the weak base acts on the storage of secretory proteins by interfering with their selective retention in maturing secretory granules.
In addition to protein storage in secretory granules, it appears that polarized secretion of secretory proteins is also affected by the pH in the secretory pathway. When the endocrine-regulated secretory protein hGH is expressed in the rat submandibular gland, the protein is predominantly stored in secretory granules and secreted into the oral cavity (Mastrangeli et al., 1994) . However, when the animals are treated with the weak base hydroxychloroquine, basolateral secretion into circulation is significantly increased (Hoque et al., 2001) . This finding suggests that alkalinization of immature secretory granules causes re-routing of hGH to the basolateral cell surface. The finding that basolateral secretion can be enhanced by modification of secretory granule storage may have practical implications for the delivery of therapeutic proteins to circulation (Mastrangeli et al., 1994; Kagami et al., 1996; Goldfine et al., 1997) .
If the pH of secretory granules modulates the storage of proteins in maturing granules, then proteins that affect granule pH will directly affect protein storage in secretory granules. Granule pH is regulated by a combination of V-H+ ATPase and proton leakage. The latter, in turn, may be affected by the combination of acidic and basic proteins that are stored in secretory granules. Thus, changes in the relative amounts of basic and acidic proteins may affect the storage of secretory proteins in secretory granules. As an example, rats treated with the ␤-adrenergic agonist isoproterenol exhibit more translucent parotid granules than untreated animals (Bloom et al., 1979) , suggesting that the granule contents are less condensed in treated rats than in untreated rats. This is supported by measurements of the mean internal space in isolated parotid secretory granules. Thus, granules from isoproterenol-treated rats exhibit twice the internal space (expressed as L/mg protein) as granules from untreated rats (Arvan et al., 1984; Arvan and Castle, 1986) . Isoproterenol treatment induces the expression of basic and acidic prolinerich proteins (PRPs) (Robinovitch et al., 1977) , including sulfated proteoglycans (Blair et al., 1991) . However, basic PRPs account for 90% of the induced proteins (Muenzer et al., 1979) , suggesting that an excess of basic PRPs is correlated with less granule condensation. Consistent with the proposed role of PRPs in the buffering of secretory granules, the internal pH of granules from isoproterenol-treated animals is higher than the pH of granules from untreated animals (Arvan and Castle, 1986) .
(D) Sulfated Proteoglycans and Granule Storage
Sulfated proteoglycans are large polyanions that are stored in secretory granules of most cell types. The highly acidic proteoglycans have long been proposed to play a role in protein storage in exocrine secretory granules (Reggio and Dagorn, 1978) . Sulfated proteoglycans are secreted from both parotid and submandibular glands (Iversen et al., 1987; Blair et al., 1991; Kamada et al., 1996) . In the rat parotid gland, two sulfated proteoglycans have been characterized (Blair et al., 1991) . The core proteins for these proteoglycans have been cloned (PRPG1, PRPG2). Both are acidic proline-rich proteins (aPRP) (Castle and Castle, 1993) . The addition of acidic glycosaminoglycan chains to the acidic PRP core proteins may serve to balance the positive charges from basic PRPs in secretory granules (Blair et al., 1991) . This may be of particular importance in tannin-or isoproterenol-treated animals, which exhibit high basic PRP levels.
The concentration of sulfur in secretory granules increases during their maturation (Izutsu et al., 1994) , supporting the proposed function of proteoglycans in protein storage in secretory granules. Since proteoglycan synthesis in parotid acinar cells can be inhibited by xyloside analogs (Robinovitch et al., 1992) , this approach has been used to test the role of sulfated proteoglycans in the storage of amylase and PSP in parotid secretory granules (Venkatesh and Gorr, 2002) . Xyloside had little effect on the storage of proteins that were already stored in secretory granules, suggesting that the xyloside is not toxic to the parotid acinar cells. However, inhibition of proteoglycan synthesis reduced the storage of newly synthesized amylase and PSP by about 50%. This was reflected both in direct granule content and in stimulated secretion of these proteins (Venkatesh and Gorr, 2002) . The effects of the proteoglycan synthesis inhibitors on protein storage are reversed when parotid tissue is treated with acetic acid (Venkatesh and Gorr, 2002) . This suggests that acidification of secretory granules by a weak acid could substitute for the presence of sulfated proteoglycans.
(E) Acidic Proteins in Non-salivary Cell Types
The proposed role of the acidic sulfated proteoglycans acting in the sorting and storage of secretory proteins is not unique to the parotid gland. Thus, the acidic PRP is sorted more efficiently to endocrine secretory granules than is basic PRP (Castle and Castle, 1993) . Sulfated glycoproteins may play a role in the storage of regulated secretory proteins in pancreatic zymogen granules (De Lisle, 2002) , and heparin sulfate is necessary for the storage of cationic proteins in mast cell secretory granules (Humphries et al., 1999) . In contrast, sulfated proteoglycans are not necessary for the sorting and storage of secretory proteins in endocrine cells (Burgess and Kelly, 1984; Gorr, 1996; A Castle and J Castle, 1998) . Instead, most endocrine cells store significant amounts of chromogranin A in densecore secretory vesicles. Chromogranin A is an acidic sulfated glycoprotein that has been proposed to play a role in the condensation of secretory granule contents (Gorr et al., 1987) and stabilization of granule pH (Fasciotto and Gorr, in preparation) . The presence of chromogranin A in endocrine secretory granules may explain why sulfated proteoglycans are not necessary for the sorting of regulated secretory proteins in endocrine cells.
(F) Sulfated Glycoproteins in Other Cell Types
Sulfated proteoglycans and glycoproteins are not unique to the sorting of secretory proteins in parotid acinar cells. The major sulfated proteoglycans in mast cells are necessary for protein storage in secretory granules (Forsberg et al., 1999; Humphries et al., 1999) . Similarly, a sulfated glycoprotein plays a role in protein storage in pancreatic exocrine cells (De Lisle, 2002) . Indeed, the aggregation of regulated secretory proteins and glycosaminoglycans was first described for exocrine pancreatic secretory granules and was proposed to play a role in protein storage (Reggio and Dagorn, 1978) . Unlike mast and exocrine cells, sulfated proteoglycans are not necessary for protein storage in secretory granules of pituitary AtT-20 cells (Burgess and Kelly, 1984) or pituitary GH4C 1 cells (Gorr, 1996) .
(VII) CONCLUDING REMARKS
It was recognized early that secretory proteins that are stored in secretory granules in one cell type can be stored in secretory granules in other cell types as well (Burgess et al., 1985) . This finding has since been generalized by the expression of regulated secretory proteins in a variety of secretory cell types. Importantly, this general ability of regulated secretory proteins to be stored in different secretory granules does not correlate with the presence of universal sorting mechanisms or signals (Gorr et al., 2001) . Calcium-and low-pH-induced aggregation has been recognized as a frequent property of regulated secretory proteins from multiple cell types. However, it is now clear that protein storage in parotid secretory granules involves a different mechanism (Venkatesh and Gorr, 2002; Venkatesh et al., 2004) . Parotid secretory granules serve as a distribution center for regulated secretory proteins in the major and minor regulated secretory pathways and for constitutive-like secretory proteins (Fig.) . A better understanding of the retention and release of secretory proteins from maturing granules is needed if we are to control the distribution of secretory proteins within these pathways. To achieve this, future work should focus on the roles of acidic and basic granule proteins and ion channels in regulating the internal ionic milieu and protein storage in secretory granules. Ionic control of protein storage could offer a suitable method for the regulation of protein release in engineered salivary acinar cells (Hoque et al., 2001) .
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